The structure of HIV-1 ⌿-RNA has been elucidated by a concerted approach combining structural probes with mass spectrometric detection (MS3D), which is not affected by the size and crystallization properties of target biomolecules. Distance constraints from bifunctional cross-linkers provided the information required for assembling an all-atom model from the high-resolution coordinates of separate domains by triangulating their reciprocal placement in 3D space. The resulting structure revealed a compact cloverleaf morphology stabilized by a long-range tertiary interaction between the GNRA tetraloop of stemloop 4 (SL4) and the upper stem of stemloop 1 (SL1). The preservation of discrete stemloop structures ruled out the possibility that major rearrangements might produce a putative supersite with enhanced affinity for the nucleocapsid (NC) domain of the viral Gag polyprotein, which would drive genome recognition and packaging. The steric situation of single-stranded regions exposed on the cloverleaf structure offered a valid explanation for the stoichiometry exhibited by full-length ⌿-RNA in the presence of NC. The participation of SL4 in a putative GNRA loop-receptor interaction provided further indications of the plasticity of this region of genomic RNA, which can also anneal with upstream sequences to stabilize alternative conformations of the 5 untranslated region (5-UTR). Considering the ability to sustain specific NC binding, the multifaceted activities supported by the SL4 sequence suggest a mechanism by which Gag could actively participate in regulating the vital functions mediated by 5-UTR. Substantiated by the 3D structure of ⌿-RNA, the central role played by SL4 in specific RNA-RNA and protein-RNA interactions advances this domain as a primary target for possible therapeutic intervention.
T he multifaceted activities attributed to the packaging signal (⌿-RNA) (1, 2) of HIV-1 are mediated by discrete stemloop domains that exercise individual functions, but can also operate in concert to complete complex tasks [supporting information (SI) Fig. S1 ] (3) (4) (5) . Stemloop 1 (SL1) is primarily responsible for genome dimerization (6, 7) , but its mutations induce significant reductions of RNA encapsidation (8) . Stemloop 2 (SL2) contains the major splice donor (SD) (9) , but its high affinity for the nucleocapsid (NC) domain of the Gag polyprotein implies its participation in genome recognition and packaging (10, 11) . Stemloop 3 (SL3) is sufficient by itself to induce the packaging of heterologous RNA into virus-like particles (12) , but its deletion does not completely eliminate encapsidation that is still sustained with suboptimal efficiency by the remaining stemloops (13) . Located downstream of the gag's starting codon, stemloop 4 (SL4) may be engaged in both coding and non-coding activities, as suggested by its possible involvement in long-range pairing interactions (14) and its ability to bind NC in vitro (11, 15) . Despite a wealth of data showing extensive communication among domains, the bases for their functional relationships are not substantiated by comprehensive structural information, which is still missing because of the size and flexibility of full-length ⌿-RNA.
A promising alternative for elucidating the 3D structure of biomolecules with no intrinsic limitations of size and crystallization properties is represented by the combination of footprinting and cross-linking techniques with mass spectrometric detection, collectively known as MS3D (16) . We have recently developed MS3D approaches for RNA and its functional assemblies, which involve the application of structural probes under conditions that preserve the native folding of the target substrate (17) . The identity and sequence position of ensuing covalent adducts are determined by nuclease digestion, mass mapping, and tandem sequencing (17) (18) (19) , which enable the utilization of a broader probe selection than allowed by traditional electrophoresis-based methods (20) . The experimental constraints obtained from structural probing are combined with fundamental information pertaining RNA structure to generate all-atom 3D models of target substrates. The validity of this approach was confirmed by the excellent agreement between the NMR and MS3D structures of the mouse mammary tumor virus pseudoknot completed in earlier work (21) .
The MS3D approach was implemented here to complete the structural determination of full-length ⌿-RNA. Any ambiguities arising from the simultaneous presence of alternative dimeric conformations were avoided by focusing on a 115-nt construct corresponding to the 240-354 sequence of HIV-1 subtype B (Lai variant), in which G259 was replaced with A to disrupt the palindrome responsible for initiating RNA dimerization (DIS, Fig. S1 ) (6, 7) . Additional mutants were designed ad hoc to validate salient features that emerged from initial probing experiments. Reproducing the sequential nature of the RNA folding process, full-length ⌿-RNA was modeled from the high-resolution coordinates of separate domains available in the Protein Data Bank (PDB), which were assembled according to the experimental constraints from structural probes. The new insights provided by this all-atom model are discussed in the context of the known functional communications among domains. A greater understanding of the structural basis for these relationships could provide the key for developing novel inhibitors aimed at disrupting the crucial processes of genome recognition, dimerization, and packaging in HIV-1.
1-cyclohexyl-3-(2-morpholinoethyl) carbodiimide (CMCT) was used for N3-uridine, and dimethyl sulfate (DMS) for N1-adenine and N3-cytidine (17, 18) . DMS was also used to assess the participation of guanine in helical structures, taking advantage of its ability to methylate N7-guanine in the absence of stacking interactions (22) . Probing reactions completed under a variety of experimental conditions were terminated by ethanol precipitation to eliminate excess reagent and undesirable salts. Irreversibly modified products were then digested by specific nucleases (e.g., RNase A, T1, etc.) to enable mass mapping and sequencing by electrospray ionization-Fourier transform ion cyclotron resonance (ESI-FTICR) mass spectrometry (23) .
The representative ESI-FTICR mass spectrum in Fig. 1A shows that footprinting reagents induce unique and readily recognizable shifts in the molecular masses of digestion products. The relatively low abundance of alkylated adducts as compared with their unmodified counterparts is the intended result of the low probe/substrate ratios necessary to minimize structure distortion and kinetic traps (17) (18) (19) (20) . Nucleases with different specificity were used to obtain overlapping maps and enable the correct assignment of alkylated nucleotides. If necessary, tandem sequencing was performed to solve any ambiguity caused by the possible presence of multiple adducts on the same digestion product (19) . A comprehensive summary of products provided by monofunctional probing is provided in Table S1 .
The tertiary structure of ⌿-RNA was probed using bifunctional agents capable of cross-linking juxtaposed nucleotides, which provide valuable distance relationships between the conjugated moieties. Nitrogen mustard (NM) was used to bridge N7-guanine and N3-adenine with a relatively flexible spacer of 9 Ϯ 3 Å, whereas 1,4-phenyl-diglyoxal (PDG) was used to cross-link N1-and N2-guanine with a more rigid aromatic spacer of 7.5 Ϯ 0.5 Å (20) . In the case of bifunctional reagents, nuclease treatment provided a wide range of products (Fig. 1B) consisting of two hydrolytic fragments conjugated by the cross-linker, bifunctional adducts in which both conjugated bases were present on the same fragment or monofunctional adducts corresponding to failed cross-links (20) . As described earlier for the footprinting experiments, mass mapping ( Fig. S2 ) and tandem sequencing (Fig. S3) were used as needed to characterize the products of probing reactions and identify the sequence position of conjugated nucleotides. The masses of observed cross-links and their assignments are summarized in Table S2 .
Modification Maps. The results provided by structural probes were rationalized using two-dimensional plots, in which the position of modified nucleotides were marked on the consensus secondary structure of ⌿-RNA (4, 24). The color-coded symbols in Fig.  2 identify bases modified by monofunctional footprinting agents, whereas dashed lines connect representative cross-linked products. The filling offers a pictorial representation of the degree of modification observed at each position under a variety of probing conditions (17, 21) , which covered different Mg 2ϩ concentrations, probe/substrate ratios, reaction temperatures, and incubation intervals (see Materials and Methods). In this way, nucleotides that are either consistently exposed or protected can be readily differentiated from those affected by dynamic pro-~~5 gives an idea of typical alkylation yields achieved in probing reactions, which were kept as low as possible to minimize the risk of structure distortion (17, 18) . (B) The Inset allows one to examine the yields achieved by bifunctional probes.
cesses (e.g., transient pair dissociation, or ''breathing''). This notation also allows for a direct comparison of the susceptibility of different targets to the same probe, which may be ascribed to different structural contexts. It is important to note that, unlike for pseudoknot substrates investigated in ref. 21 , no significant variations in the modification patterns were observed at different Mg 2ϩ concentration. In those structures, local changes detected at 50 M Mg 2ϩ were ascribed to protection effects induced by specific metal coordination by high-affinity sites (21) . No further changes were observed at 100 M or higher, which could be attributed to the ''diffuse'' ions attracted near the RNA surface by its electrostatic field (25) . No major changes in the modification patterns were detected for ⌿-RNA within the same range of concentrations, which suggests that the effects of Mg 2ϩ on this structure are not as significant.
In the SL1 domain, guanines located in the bulge were highly susceptible to DMS methylation but were modified by CMCT with only half the yield exhibited by those in the apical loop. The N7-position of guanines in canonical A and B helixes is effectively protected by base stacking (17, 22) ; therefore, increased DMS reactivity is consistent with disruption of regular stacking between contiguous nucleobases in the bulge region. Reduced susceptibility to CMCT can instead be ascribed to a direct participation in Watson-Crick interactions or to a partially obstructed access to its base-pairing face. Consistent with these results, high-resolution structures obtained from isolated SL1 have shown that G247 and A271 form a noncanonical base pair prone to local breathing, whereas G272 and G273 can adopt alternative conformations pointing in or out of the bulge, which may leave them partially exposed to alkylation (26, 27) .
Despite their double-stranded context, G265 in the SL1 upper stem and G340 and G350 in SL4 were effectively modified by DMS (Fig. 2) . A common characteristic of these nucleotides is their participation in noncanonic GU pairs (or GU wobbles), which force the local helical structure to assume a less compact conformation with reduced stacking stabilization. Therefore, it was not surprising to detect methylation of G339 and G342, which flank the tandem GU wobbles of SL4 and are thus affected by helix distortion. In the triple-base platform of SL2, A296 was effectively modified because its N1 position remains accessible to the relatively small DMS probe (17) . Finally, lower alkylation levels were observed for nucleotides involved in pairs at the end of helical regions, which are left unprotected by the ending of the stacked pattern or are transiently exposed by base pair breathing.
Modifications provided by bifunctional probes consisted of intra-and interdomain conjugated products (Fig. 2) . The former are usually observed between nucleotides exposed on singlestranded regions of the same stemloop or linker, which are situated within the span of the selected probe. Intradomain conjugates are necessary to corroborate the secondary structures identified by monofunctional probes and are valuable in establishing the pairing alignment between complementary regions. This characteristic is particularly important when the RNA sequence of interest is capable of folding into alternative structures stabilized by minor register shifts in base pairing. In contrast, interdomain cross-links are obtained between nucleotides located in different secondary structures, which are not in close proximity on a 2D map but are juxtaposed by the substrate fold. The information afforded by this type of cross-link is used to constrain the reciprocal positions of entire domains in three dimensions (21) . Additionally, these conjugates can lead to the positive identification of long-range tertiary interactions that are not sustained by canonical base-pairing and consequently are not detectable by classic monofunctional probes.
Among intradomain cross-links, products bridging A259 and G261, A259-A263, and G247-G272 correctly define the structure of the apical and internal loops of SL1 ( Fig. 2 and Fig. S2 ). In particular, the first two are consistent with a full-fledged stemloop and rule out the formation of any extended duplex conformation that would contradict the inability of this mutant to form stable dimers (28) . More significantly, salient interdomain cross-links were observed between the loops of contiguous stemloops, defining unambiguously their reciprocal placement in 3D space ( Fig. 2 and Fig. S4 ). For example, G292-A319 connects the loops of SL2 and SL3, whereas G265-G292 links SL1 and SL2 ( Fig. S2 A and B, respectively) . Other important cross-links bridge the loop and upper stem of SL4 with the bulge of SL1 (e.g., G273-G342 and G247-A345) (Fig. S2C) . Taken together, the observed bifunctional products provided a network of spatial relationships, which enabled triangulating the positions of the stemloops in the global fold of ⌿-RNA.
MS3D Modeling.
The results provided by ⌿-RNA were compared with those obtained by probing its isolated domains under identical experimental conditions. The vast majority of the described monofunctional products and intradomain cross-links were obtained also from the separate RNA constructs with only small yield variations, whereas none of the interdomain conjugates was detected. The excellent agreement between domainspecific modifications is consistent with the preservation of the RNA secondary structure determined by well defined pairing within each stemloop, which was not significantly affected by the global fold of the full-length construct. This observation prompted a modeling approach that resembled very closely the hierarchic process prospected for RNA folding (29) , in which elements of secondary structure are initially formed by the annealing of complementary sequences within the same domain, whereas tertiary interactions are subsequently established between discrete domains mediated by hydrogen bonding and electrostatic interactions. Reproducing this sequential progression, the high-resolution coordinates of SL1, SL2, SL3, and SL4 (PDB entries 2D1B, 1ESY, 1BN0, and 1JTW) (30) (31) (32) (33) were merged with linker structures created by MC-SYM (34) . Initial rounds of simulated annealing and energy minimization were performed using CNS (35) , restrained only by base pair hydrogen bonding, base pair planarity, and standard backbone torsion angles. In subsequent rounds, distance constraints provided by Filling gives a representation of the modification degree. When multiple adducts were detected with different distributions on the same digestion product, the position of modified nucleotides was indicated by referring to the entire hydrolysis fragment, using its 5Ј and 3Ј ends separated by a colon. For clarity, only a handful of representative cross-links are included here as green, red, or blue lines according to whether they were used for modeling, validation, or secondary structure confirmation (see Table S2 ). A complete summary of bifunctional cross-linkers grouped according to usage is provided in Fig. S4 .
high-scoring bifunctional cross-links (M in Table S2 and shown in Fig. S4 A) were applied to define the domains' spatial arrangement. Intradomain cross-links (I in Fig. S4B ) were mainly used to verify that the structures of discrete domains were retained in the global fold of ⌿-RNA, but were not included in model building. After structural strain was relieved by further minimization, the resulting model possessed the atomic-level detail contained in the initial high-resolution structures and the tertiary topology determined by the cross-linking data (Fig. 3) . Validation of the MS3D structure was obtained by using a subset of intra-and interdomain cross-links, which had been purposely excluded from the modeling procedure (V in Table S2 and shown in Fig. S4C ). The distances between cross-linked positions in the final model matched very closely the range allowed by the respective probes. A handful of cross-links involving flexible single-stranded regions (F in Fig. S4D ), which had been used for simulated annealing, fell slightly out of range after the final step of energy minimization was performed without explicit cross-linking constraints to relieve model strain. However, no steric clashes or unfavorable geometric situations were noted, which would contradict the actual experimental observation of these conjugates, thus indicating that the model offered a valid representation of the structural context encountered in solution by the probes. When the coordinates of double-stranded nucleotides were compared with the starting high-resolution coordinates used as input, an overall Ϸ2.90 Å rmsd was obtained from all backbone atoms excluding hydrogens, which should be ascribed to the flexible nature of the probe spacers and to the need for minimizing any strain induced by the global fold onto the initial secondary structures.
After an initial model was obtained, further experiments were performed to test salient features revealed by its structure. Because of the numerous bifunctional products bridging the tetraloop and wobble regions of SL4 with the bulge and upper stem of SL1 ( Fig. 2 and Table S2), the modeling process placed these domains in very close contiguity of each other, raising the possibility that they may be involved in a long-range tertiary contact. In particular, these constraints could be simultaneously satisfied only by locating the tetraloop in direct contact with the region immediately above the bulge. The fact that isolated SL4 presents a classic GNRA tetraloop structure (15, 33) suggested that such contact may consist of a GNRA loop-receptor (L/R) interaction stabilized by noncanonical hydrogen bonding between its loop nucleobases and the minor groove of the SL1 upper stem (36) (37) (38) . The combination of a helical region followed by an asymmetric loop is very common in receptors observed in nature (36), or selected in vitro (37, 38) . For these reasons, we investigated the L/R hypothesis by generating a mutant in which A345 was replaced by C to maintain the stability of the SL4 structure (15, 33) while varying the second nucleotide of the tetraloop, which determines receptor recognition (37, 38) . Submitted to monofunctional probing, the mutant exhibited no detectable variations of footprinting pattern (data not shown), which confirmed the preservation of the tetraloop fold. In contrast, the mutation induced the complete elimination of interdomain cross-links between SL4 and SL1, providing experimental evidence for the prospected long-range interaction.
In the absence of direct experimental information on the molecular contacts between nucleobases, the L/R interaction was modeled according to structural features exhibited by known loop-receptor motifs, while ensuring that domain placement satisfied the cross-linking constraints. Although the structure of GAGA-specific receptors has not been described, in vitro selection methods demonstrated that this type of tetraloop can bind with excellent affinity to the broad-spectrum class II receptors (38) . In ⌿-RNA, the residual susceptibility to footprinting agents manifested by L/R structures and the absence of detectable Mg 2ϩ effects are consistent with characteristics exhibited by this class of receptors, which remain solvent accessible even in bound form and are not magnesium-dependent (38) . For these reasons, their structure was used as template for homology-modeling the ⌿-RNA interaction. Matching the consensus sequence at this position, the final model displays A347 making hydrogen bonds in the minor groove of the C248-G270 base pair (Fig. 4) . G346 is hydrogen-bonded with the noncanonical G247-A271 base pair that replaces the consensus A-U mismatch, with which it shares a shallower narrow groove (38) . This arrangement provides two contiguous base-triplets stabilized by stacking interactions. In addition, A345 forms specific hydrogen bonds with G272 and stacks on G273 protruding out of the bulge motif. This bulge nucleotide is capable of assuming different conformations in isolated SL1 (26, 27, 39) but can be locked in the extrahelical position by stacking with A345, thus contributing to stabilize the L/R interaction. The mutation permissivity described for class II receptors and the stringent requirements driving their selection to maximize loop-binding in vitro (38) differences with the ⌿-RNA structure, which has likely evolved to retain significant dynamic properties. In this direction, it should be noted that the nucleotides involved in this L/R interaction are nearly 100% conserved in all HIV-1 sequences published in the 2006/07 HIV Sequence Compendium (40) . Although the proposed model will require confirmation by high-resolution techniques, the loss of the long-range contact introduced by mutating A345 is consistent with the central position assumed by this nucleobase in the complex network of hydrogen bonds and stacking interactions, which stabilizes the GNRA loop-receptor interaction in ⌿-RNA.
Discussion
The MS3D model of full-length ⌿-RNA presents a compact cloverleaf morphology in which the helical stems of the different stemloops are situated nearly parallel to each other (Fig. 3) . The apical loops point in the same direction, opposite to the linkers between adjoining stems. This arrangement places the majority of the construct's single-stranded nucleotides in positions that are not hindered by juxtaposed structures but are instead accessible to footprinting agents and possible ligands. Consistent with the constraints provided by bifunctional probes, SL2 and SL4 flank SL1 from nearly opposite sides, whereas SL3 is placed closer to SL4. Significantly, the putative GNRA loop-receptor interaction between SL4 and SL1 defines the overall cloverleaf fold by connecting secondary structures that are coded by nucleotides at the opposite ends of the ⌿-RNA sequence.
The compact nature of this structure provides valuable indications for understanding the modes of interaction between ⌿-RNA and the viral Gag polyprotein during genome recognition and packaging. In particular, the preservation of the individual stemloops accounts for their ability to act as discrete binding units for the NC domain of Gag, which was substantiated by the identification of six specific binding sites on the apical loops, the SL1 bulge, and the linker between SL3 and SL4 (11, 41) . The distribution of such sites on the different domains and the observation that NC can bind them in vitro with comparable affinities rule out the possible formation of an alleged supersite of enhanced affinity, which might be produced only in the context of a full-length construct by extensive remodeling of its secondary structure. The very close spatial proximity of these sites could explain the lack of complete packaging suppression after deletion of individual stemloops (13) , which could be partially compensated by the intrinsic ability of Gag to dimerize through protein-protein interactions (42) .
The participation of SL4 in a specific GNRA loop-receptor interaction further expands the broad range of activities performed by this region of genomic RNA in vitro and in vivo. In addition to spanning the start of the gag gene, this sequence has been shown capable of annealing with different upstream sequences to stabilize alternative conformations of the 5Ј-untranslated region (5Ј-UTR) of viral RNA, which have been proposed to mediate distinct biological activities (14) . Although probing of 5Ј-UTR in virions and infected cells has failed to establish the presence of either a full-fledged SL4 stemloop, or alternative RNA conformers (24) , these conclusions were based solely on the monofunctional agent DMS, which can only reveal the presence of footprinting protection but cannot identify its source. Considering the ability of NC to bind the SL4 tetraloop (11, 41) in possible competition with its SL1 interaction, even the transient folding of a full-fledged stemloop could provide a mechanism for Gag to affect the 3D structure of 5Ј-UTR, either by dissociating the GNRA loop-receptor interaction, or by chaperoning the transition between alternative conformers. If confirmed in vivo, the central role suggested by these multifaceted activities would make the SL4 sequence a primary target for possible therapeutic intervention.
Finally, the MS3D elucidation of ⌿-RNA demonstrates the feasibility of a general divide-and-conquer strategy for the structural determination of progressively larger multisubunit assemblies that are not directly amenable to established techniques. According to such strategy, high-resolution coordinates could be obtained for well behaved parts of the target structure by NMR or crystallography, and structural probing would provide the constraints necessary to assemble the separate sections into a complete 3D model. It is important to emphasize that, once a probing reaction is completed without disruption of the native fold, the desired structural information is stored into a pattern of irreversible chemical modifications, which is not affected by subsequent hydrolytic procedures designed to handle substrates of virtually any size. The broad applicability of MSbased platforms to substrates of diverse biochemical nature and the development of software tools for aiding the direct utilization of these types of constraints are expected to propel MS3D to the forefront of the strategies used for elucidating previously intractable biological substrates.
Materials and Methods
RNA Samples. RNA constructs were prepared by in vitro transcription of appropriate DNA templates, using the phage T7 polymerase reaction. A template spanning the G240 -G354 sequence of HIV-1 subtype B (Lai isolate) was prepared from the pNL4-3 plasmid provided by the National Institutes of Health AIDS Reagents Repository (Germantown, MD). The described mutations were introduced using the QuikChange II kit (Stratagene). Transcribed RNAs were purified by denaturing gel electrophoresis performed on 6% (wt/vol) polyacrylamide gels and recovered by electroelution from manually excised bands. Desalting was performed by ultrafiltration using Centricon devices from Millipore (11, 21) .
Structural Probing. Dimethyl sulfate (DMS), 1-cyclohexyl-3-(2-morpholinoethyl)carbodiimide metho-p-toluenesulfonate (CMCT), and bis (2-chloroethyl) methylamine [nitrogen mustard (NM)] were purchased from Sigma-Aldrich and used without further purification. Kethoxal (KT) was purchased from ICN. 1,4-Phenyl-diglyoxal (PDG) was synthesized in house and purified according to procedures described in ref. 20 . Due to their known or suspected mutagenic activity, these reagents were treated using all possible precautions to avoid inhalation and direct contact with eyes, mucosae, and skin, including the use of latex gloves, face masks, and fume hoods.
Before probing, each target RNA was reannealed by incubating for five minutes at 90°C and slow-cooling to room temperature. Typical probing buffers consisted of either 50 mM (NH 4)2BO3 for KT and PDG or 50 mM NH4OAc for the remaining agents, with pH adjusted to the optimum value for each probe (17) (18) (19) . In selected experiments, 50 to 100 M MgCl2 was added to determine the effect of the divalent metal on probing patterns. It should be noted that, although the [Mg 2ϩ ] in viral particles is still debated, a value of only 240 M has been reported for the intracellular compartment of human lymphocytes (43) . Probe to RNA ratios were experimentally optimized for each specific reaction to avoid saturating susceptible nucleotides, which might result in structure distortion and secondary alkylation. Typical reactions in- All-atom model detailing the specific molecular contacts. The model was obtained by using class II receptors as template (38) .
volved adding an Ϸ10-fold excess probe to 25 M RNA in a total volume of 20 l. Typical reactions were carried out at room temperature for 20 min and quenched by ethanol precipitation in the presence of 1.5 M NH 4OAc. Probed RNA was reconstituted in RNase-free water to prepare Ϸ10 M aliquots for digestion with RNase A and RNase T1. Both enzymes were purchased from Sigma-Aldrich and used as received. A total of 0.05 units of RNase was added per mg of RNA substrate; each digestion was carried out in 20 mM NH 4OAc (pH 7.5) at 37°C for 1-2 h to drive the hydrolysis to near completion.
Mass Spectrometry and Data Analysis. Analyte solutions containing a final concentration of 5-10 M RNA in electrospray buffer (50:50 10 mM ammonium acetate:iso-propanol) were prepared by appropriate dilution of the original digestion mixtures. All determinations were performed on a Bruker Apex III Fourier transform ion cyclotron resonance (FTICR) mass spectrometer equipped with a 7T shielded superconductive magnet and a thermally-assisted Apollo electrospray ion source (17) (18) (19) . Each experiment required loading Ϸ5 l of analyte solution into a nanospray needle with a stainless steel wire inserted from the back end to provide the necessary voltage. Tandem mass spectrometry was completed as described earlier (19) . Data reduction and analysis were performed with the aid of MS2Links (19) Molecular Modeling. Initial models were generated by combining the coordinates of each stemloop (PDB entries 2D1B, IESY, 1BN0, and 1JTW) (30 -33) , using the mergestructure.inp module of CNS (35) . Linker sequences were built de novo using MC-SYM (34) . In iterative fashion, the number of crosslinks used for model building was progressively increased each round, following the ranking order provided in Table S2 . The iterations were stopped when no significant variations were detected between successive models. A handful of randomly selected cross-links were used for validation purposes. The CNS modules anneal.inp and minimize.inp were used to submit the model to rounds of simulated annealing and Cartesian molecular dynamics restrained by standard backbone torsion angles, planarity, and hydrogen bonding of base pairs, according to the modified CharmM force field used by CNS. Restraint set files normally used for NOE restraints in anneal.inp were used to specify distances between cross-linked nucleotides. The specific contacts between the GNRA tetraloop and its double-stranded receptor were modeled by homology with interactions supported by class II receptors (38) . To establish the correct contacts in the minor groove of the SL1 helix, hydrogen bonding was enforced between nucleotide A347 and base pair C248 -G270, between G346 and G247-A271, and between A345 and G272, as discussed in Results. The specific hydrogen bonding arrangement was built according to typical base-triplet interactions. The final model was energy minimized without enforcing the cross-linking constraints to relieve possible strain, which did not result in disruption of the tetraloop docking into the receptor site. Models were viewed using PyMOL (http://pymol.sourceforge.net), and figures were prepared using the NUCCYL module (www.mssm.edu/students/jovinl02/ research/nuccyl.html) on a Linux computer.
